The effect of land-use change on the flood frequency curve (FFC) in a natural catchment is analysed. To achieve this, a simple methodology for the derivation of FFCs in land-use change scenarios is proposed. The adopted methodology, using a stochastic model in Monte Carlo simulation of FFCs, was found to provide a useful framework for detecting changes in flood magnitudes in both pre-and post-fire conditions. In particular, the importance of the antecedent soil moisture condition in the determination of the flood frequency distribution was analysed. The analysis of FFCs for pre-and post-fire conditions shows an increase in the average value of Curve Number and a decrease in the catchment time lag. The derivation of FFCs shows a clear increase in flood quantiles. For the post-fire conditions, the FFC exhibits higher quantiles of the peak discharges showing a reduction in frequency of occurrence. This variation is more significant for low-return period quantiles than for high-return period quantiles. The results of the catchment studies reported here support the hypothesis that the hydrological response of the watershed changes as a result of fire, especially during the first years following a fire event.
INTRODUCTION
Extensive fires strongly influence the hydrological behaviour of natural catchments, especially in Mediterranean areas, which are prone to these hazards. In fact, fire reduces protection of the surface due to the loss of vegetation cover, and augments the water repellency or hydrophobicity of the soil surface (Soto & Diaz-Fierros, 1998) .
During a storm event some rainfall is intercepted by plants, the remainder reaching the hillslopes. This may then form overland flow which is slowed down by forested land, decreasing erosional processes. Moreover, vegetation cover is one of the main factors in increasing the stability of landslide slopes (Inbar et al., 1998) .
In the literature there are few studies that evaluate the effect of fire on the hydrological response of catchments, particularly for Mediterranean areas. This relative scarcity of quantitative hydrological studies reflects the difficulty of obtaining good quality data to compare hydrological behaviour before and after a fire. The effects of fire can be great: changes in the shape of the flood hydrograph with the occurrence of pronounced, sharp secondary peaks on the rising side of many flood hydrographs (Brown, 1972; Scott, 1993 ) and significant changes in storm flow with an annual total flow increase being related to the reduction in transpiration and interception have been noted. These fire effects are considered to be due to changes in storm flow generation consistent with an increased delivery of overland flow (surface runoff) to the stream channel. Lavabre et al. (1993) found a 30% increase in the annual runoff yield related to the reduction in evapotranspiration due to the destruction of the vegetation cover. On the other hand, there are pronounced changes in the shape of the flood hydrograph, and the flood frequency is greatly increased.
Thus, the consequences may have serious environmental costs, both on the burned site and downstream. The explanation for these hydrological effects of fire may be linked to the development of fire-induced water repellency in the soil and to reductions in rainfall interception and transpiration following the removal of vegetation (De Bano, 2000; Scott, 1993) .
The problem of forest fires in Sicily strongly affects the hydrological behaviour and the soil conservation of natural areas, particularly given that hot, dry summers, rainfalls with short duration and high intensity, and anthropogenic changes including deforestation and increase of impervious areas are characteristic of the region. In a previous study (Aronica et al., 2002) , changes in the hydrological regime due to fires have been recognized in two small burnt Sicilian catchments at monthly and daily scales, but an initial analysis of flood regime carried out by fitting two-parameter lognormal distribution to pre-and post-fire peak discharge data, surprisingly, showed lower quantiles of the peak discharges for the post-fire conditions in comparison with the pre-fire conditions. These changes were found to be more significant for basins with a larger burnt area than for those with a smaller burnt area, showing a kind of "threshold effect" for the influence of fires on the hydrological response of natural areas.
The aim of this study is to analyse the effects of fire, in terms of land-use change, on flood-frequency curves (FFC) in the Mediterranean catchments previously studied in order to clarify the above point. To this end, the research strategy focused on the following main topics: (a) derivation of the flood frequency curve using a Monte Carlo stochastic technique; (b) identification of changes in the flood regime through analysis of the FFC before land-use change (pre-fire conditions) and after (post-fire conditions).
THE PROPOSED APPROACH: FFC ESTIMATION METHODOLOGY
Generally, if adequate streamflow data are available for the area of interest, flood estimates can be derived directly from flood frequency analysis. Eagleson (1972) developed the idea of deriving flood statistics from a simplified schematization of storm and basin characteristics proposing the so-called Derived Distribution Technique. The approach allows consideration of the knowledge about the hydrological processes generating streamflow, i.e. developing the chain of events in the runoff formation process that lead to a certain frequency of streamflow. Streamflow variables are related to precipitation data (which typically have a longer record history, are spatially more dense and more uniform), antecedent moisture conditions in the drainage basin and the basin response to a precipitation input (Hebson & Wood 1982; Diaz-Granados et al., 1984; Gottschalk & Weingartner, 1998; Iacobellis & Fiorentino, 2000; De Michele & Salvadori, 2002) . The Derived Distribution approach can be used to derive, analytically or numerically, the cumulative distribution function of the flood runoff. As the analytical methods to derive the probability distribution of peak streamflow showed mathematical complexity, i.e. difficulties in parameter estimation or the need for long series of historical data, some authors (among others Aronica & Candela, 2004; Loukas, 2002; Muzik, 2002; Rahman et al., 2002) have adopted a Monte Carlo simulation approach to determine the flood probability distribution. This methodology involves random sampling from continuous distributions of input variables to obtain the flood hydrographs. Despite having a heavy computational demand, the procedure is mathematically simple, but also practically applicable and flexible.
In this study, a Monte Carlo simulation approach has been adopted to determine the derived flood distributions before and after a fire. Synthetic FFCs are obtained using a simple rainfall-runoff model by generating a sample of runoff events from different combinations of rainfall data and hydrological basin features, such as antecedent moisture conditions. The proposed methodology is based on three main elements: (a) a hydrological modelling framework to simulate the flood formation process; (b) the model variables, considered to be stochastic, with their probability distributions and dependencies; and (c) a Monte Carlo modelling framework to synthesize the derived flood distribution from the distributions of model variables.
The rainfall input is represented as the maximum rainfall depth observed in a given time period (i.e. 1 year). The rainfall depth distribution is obtained simply by fitting the rainfall depths for 1, 3, 6, 12 and 24 h storm durations to the General Extreme Value (GEV) distribution:
where h t is the total maximum rainfall depth for fixed duration t, κ is a shape parameter, α t is a scale parameter, and ξ t is a position parameter, both depending on storm duration. For those catchments characterized by a small area and a fast hydrological response, a parsimonious hydrological approach should be preferred over more complex models because of its simplicity and ability to approximate catchment runoff behaviour. Now, in the presence of a storm of any size, duration and intensity, whatever process of transformation of effective rainfall into runoff is considered, or whatever model for that transformation is adopted, the peak runoff is always (Iacobellis & Fiorentino, 2000; Gottschalk & Weingartner,1998) :
where u a is the discharge per unit (contributing) area at the flood hydrograph peak and a is the peak contributing area, that is, the partial area contributing to the peak flow.
Hence, for small to medium sized catchments, there is a high probability that the entire catchment contributes to the peak flood with space-time uniform rainfall and the flood routing is dominated mainly by kinematic effects. All that being stated, the peak runoff Q peak , caused by an effective uniform rainfall h e,tc for a duration t c equal to the time of concentration of the catchment can be calculated as:
where A is the catchment area. The SCS-CN method, adopted by the USDA Soil Conservation Service (1986), is used to transform the rainfall depth h t into rainfall excess h e,t . This method allows incorporating information on land-use change, as the curve number (CN) is a function of soil type, land use, soil cover conditions and antecedent soil moisture. The value of CN varies from zero (no runoff) to 100 (all rainfall converted to runoff). The total depth of rainfall excess h e can be expressed in terms of the rainfall depth h as:
where I A is the initial abstraction, generally estimated as I A ≈ 0.2S, and S the maximum soil potential retention. Using SI units (mm), S is given by the following expression:
The SCS-CN method considers three antecedent moisture classes (AMC I, II and III) dependent on the total 5-day antecedent rainfall and the season. Condition I involves a dry catchment and is characterized by a total 5-day antecedent rainfall less than 13 mm in the dormant season and less than 36 mm in the growing season. Condition II is characterized by a total 5-day antecedent rainfall ranging from 13 to 28 mm in the dormant season and from 36 to 53 mm in the growing season. Condition III involves a saturated soil with a total 5-day antecedent rainfall greater than 28 mm in the dormant season and greater than 53 mm in the growing season. Precipitation depth, h, and the maximum soil potential retention, S, are regarded as stochastic variables. Hawkins et al. (1985) 
As many authors pointed out (Wood, 1976; Muzik, 2002; De Michele & Salvadori, 2002) , the initial moisture condition of the catchment could have a substantial effect on runoff generation and the estimation of the flood frequency distribution. Thus, in order to take into account the variability of initial soil moisture conditions prior to the storms, the AMC has been considered as a random variable, and a discrete probability distribution has been associated with it: where λ 1 , λ 2 and λ 3 are the probabilities of occurrence of the three different moisture conditions of the catchment.
Finally, the final distribution of the peak flood conditioned by the AMC distribution is given by:
The rainfall-runoff model requires knowledge of the catchment time of concentration t c . It is evaluated using the Curve Number formula of the USDA Soil Conservation Service (Chow et al., 1998 
where t c (h) is the time of concentration, L (km) is the longest drainage path and i (%) is the average slope of the catchment. Now, the implementation of the Monte Carlo procedure can be described by the following steps: (a) N values of total rainfall depth for the duration t c are randomly drawn from GEV distribution (equation (1)) by generating N uniformly distributed random numbers between 0.0 and 1.0; (b) for the three AMC conditions (I, II, III) N effective rainfall values are calculated using equation (4) for each CN class; (c) the final values of the maximum peak flood discharges conditioned by the AMC distribution are obtained using equation (8); and (d) the return period for each generated peak flood value can been computed from the plotting position formula:
where N is the number of simulated peaks and i is the rank of the ith peak flood value arranged in increasing order of magnitude.
THE CASE STUDY
The Asinaro catchment, with an area of 53 km 2 , is located in the southeastern part of Sicily; the measurement network consists of one raingauge, Noto, managed by the National Hydrographic Service, and one level gauge, Noto at Castelluccio, placed at the outlet (Fig. 1) . This catchment has a Mediterranean type climate with hot dry summers and a rainy winter season from October to April. The vegetation is characterized by weeds, tree-shrub formations, known locally as Mediterranean maquis, occasional evergreens with small, leathery (sclerophyllous) leaves, and some agricultural plots; the higher elevations are covered by pinewood forests and, occasionally, cork oaks. A Curve Number spatial distribution map (Fig. 2) is available for this catchment at 100-m grid size derived by combining information coming from the Corinne Land Cover map, a Regional Pedological map and National Geological Service maps. The catchment was affected by a fire which occurred in July 1998, with a burnt area equivalent to about 30% of the whole catchment (Fig. 3) . 
MODEL APPLICATION
The approach outlined in the previous sections was applied to the Asinaro River basin. Table 1 lists some basin characteristics, including area, mean annual rainfall, soil type and land use. A Monte Carlo simulation approach was adopted to determine the derived annual maximum flood distributions before and after the fire. Ten thousand Monte Carlo runs were performed to obtain a synthetic FFC with a return period range from 1 to 100 years. The stochastic rainfall model was obtained by fitting the annual maximum rainfall depths for 1, 3, 6, 12 and 24 h, collected in the basin raingauge, Noto, to the GEV distribution. Empirical and fitted GEV probability distributions of maximum annual rainfall depth for all durations are reported in Fig. 4 . The parameters of equation (1) were calculated, using the L-moments technique (Hosking, 1990) ; the estimated parameter values, for all durations, are shown in Table 2 .
In order to evaluate the CN parameter, before and after the fire, the following procedure was used: before the fire, the CN value was derived by spatially averaging information from the CN map available for the catchment (Fig. 2) ; after the fire, two flood events, whose characteristics are shown in Table 3 , were considered. By using the following equations (Hawkins, 1993) , CN values for these two events were calculated:
where P and Q are, respectively, the rainfall and the runoff volume (mm) for each recorded event. Finally, equation (6) was used to derive the CN values for the three AMC conditions (Table 4 ). The final value of CN for a single AMC condition was calculated as the average value of the two values derived from the two post-fire events. The catchment time of concentration, t c , was calculated using the USDA Soil Conservation Service (1986) Curve Number formula (equation (9)) before and after the fire for all CN values. The values of t c obtained are reported in Table 4 . Also, a discrete probability distribution of AMC was obtained by evaluating the AMC conditions on the basis of the 5-days antecedent rainfall (API 5 ) for each flood event recorded before the fire, from 1975 to 1992 (Fig. 5 ). As not enough data are available from after the fire, the AMC distribution was assumed to be the same as the pre-fire distribution. This assumption is acceptable, as the effects of fires are confined to a few years after the event and thus the AMC distribution, based on long-term analysis, should not change significantly. At this point, 10 000 values of total rainfall depth for the duration t c were drawn randomly from equation (1) by generating uniformly distributed random numbers between 0.0001 and 0.999. Ten thousand effective rainfall values were derived using the appropriate CN values, in both pre-and post-fire conditions, and the final values of the maximum peak flood discharges conditioned by the AMC distribution were obtained using equation (8).
DISCUSSION AND CONCLUSIONS
The effects of forest fires on flood frequency curves (FFCs) in a natural catchment were analysed. A simple methodology for the derivation of FFCs in land-use change scenarios was proposed; the methodology is tailored for catchments with scarce or inadequate runoff data. The adopted methodology, using a stochastic model in Monte Carlo simulation of FFC, was found to provide a suitable framework for detecting changes in flood magnitudes. Such physically-derived flood frequency curves can reflect the effects of changes in both pre-and post-fire conditions.
In particular, the importance of the antecedent soil moisture condition in determining the flood frequency distribution was analysed. The probability distribution of the AMC and its effect on the FFC was incorporated using the SCS-CN method to transform the rainfall into runoff. The analysis of pre-and post-fire events shows an increase in the average value of CN and a decrease in the catchment time lag. In Fig. 6 , the T-year flood quantile, obtained via the derived distribution under the pre-fire conditions, is compared to the observed maximum annual peak flood data recorded before the fire. It is important to note that, for small return periods, the derived distribution shows a good agreement with the observations. In Fig. 7 flood quantiles, more specifically a strong increase. For the post-fire condition, the FFC exhibits higher quantiles of the peak discharges, showing a reduction in frequency of occurrence (Fig. 8) . In Fig. 9 the ratio (Q post /Q pre ) vs return period is reported. From the analysis of this figure it is evident that the increase in discharge ratio (both discharges are characterized by the same return time) is more significant for low-return periods and low flood quantiles than for high-return periods and quantiles. Several studies carried out in burnt catchments (Scott & Van Wyk, 1990; Scott, 1997; De Bano, 2000) have demonstrated that the watershed response ratio during the first year following a fire increased as a result of the fire, while the second year responses were somewhat smaller than in the first year. This conclusion leads to consideration of the "time dependent" nature of the derived FFC, which should be related to few years after the fire. In addition, as found by Aronica et al. (2002) for the monthly and daily runoff, the changes found in the derived FFC are significant because the extent of the burnt area shows a kind of "threshold effect" for the influence of fires on the hydrological response of natural areas. Finally, in order to confirm those points and to improve the accuracy and generality of results, the proposed methodology will be applied in other catchments as soon as new data on fire events and flood discharges become available.
